The close association between telomere length and radiosensitivity has been established by several studies. There is also a hypothesis that telomere length may be regulated by human protection of telomere 1 (hPOT1) in human carcinoma cells. In the present study, the hPOT1 level between the radioresistant Hep-2R cells and the wild-type were compared, and the results showed that the hPOT1 gene was upregulated in the radioresistant Hep-2R cell lines compared with the wild-type. This suggested that the expression level of hPOT1 correlates with radiosensitivity. Additionally, an hPOT1-directed short hairpin (sh)RNA plasmid was constructed and transferred into the Hep-2R cells, which lead to telomere shortening, an increase in apoptosis and markedly decreased growth of the RNAi-Hep-2R cell line. These results demonstrate that hPOT1-directed shRNAs are associated with telomere length and radiosensitivity, and maybe a potent sensitizer for laryngeal cancer radiotherapy.
Introduction
Radiation therapy is a well-established method that has been used to treat >70% of patients with cancer. Although radiotherapy technology is continuously improving, the treatment effect of patients with carcinoma who receive radiotherapy is unsatisfactory, mainly due to radioresistance (1) . Our previous study indicated that a significant negative correlation was present between the length of the telomeres and radiosensitivity in the same tissue-derived cell lines (2) . Moreover, the gene expression profiles of a radiosensitive-radioresistant cell line model were compared on two complementary (c)DNA microarrays containing 14,000 human genes, which suggested that the expression of protection of telomere 1 (POT1) was significant upregulated by 3.348-fold in the radioresistant Hep2 cancer cells compared with the radiosensitive Hep2 cells (3) . POT1, a 3' single-stranded overhang telomeric DNA binding protein, has been identified in fission yeast and humans (4) . A previous study indicated that each Pot1 protein binds to a single telomeric repeat and coats the whole single-stranded overhang of the telomere. Additionally, subsequent genetic and biochemical studies identified a role for POT1 in the maintenance of telomere length and in telomere capping (4) . The aforementioned data indicates that there may be a correlation among POT1, telomere length and radiosensitivity in human cancer cells.
Despite these extensive studies into the biology of POT1, the role of POT1 expression in radiosensitivity and telomere function regulation in human cancer cells is currently unknown. In the present study, the association between hPOT1 and telomere length and radiosensitivity was investigated in the laryngeal cancer Hep-2 cell line.
Materials and methods
Cell culture. Human larynx squamous carcinoma Hep-2 cells (Cancer Research Center of Wuhan University, Wuhan, Hubei, China) were cultured in RPMI-1640 medium supplemented with 10% fetal bovine serum and incubated at 37˚C in a humidified atmosphere containing 5% CO 2 . For transfections, the cells were allowed to grow overnight to reach 80-90% confluence.
Isolation of radioresistant variant cell line. The radioresistant human larynx squamous carcinoma cell line (Hep-2R)
was isolated by repeated radiation exposure, as previously described (5) . Briefly, exponentially growing Hep-2 cells in 50-cm 2 culture flasks were exposed to a dose of 637 cGy 60 Co rays (field size, 20x20 cm; source-skin distance, 80 cm; 61.3 cGy/min) at room temperature, and the culture medium was changed following irradiation. When the irradiated cells reached the end of the exponential growth phase, they were trypsinized and appropriate numbers of cells were plated in Expression of human protection of telomere 1 correlates with telomere length and radiosensitivity in the human laryngeal cancer Hep-2 cell line 50-cm 2 culture flasks. Re-irradiation was performed at 1 day post-seeding. For the cell line designated as Hep-2R, the cells were isolated by repeating this procedure 12 times, and have already been maintained for >50 passages.
hPOT1 detection by reverse transcription polymerase chain reaction (RT-PCR). The plasmid pshRNA-hPOT1 was transfected into the Hep-2R cells using reagent (Invitrogen Life Technologies, Carlsbad, CA, USA) according to the manufacturer's instructions. Total RNA was extracted from the parent Hep-2 cells with TRIzol reagent (Invitrogen Life Technologies) according to the manufacturer's instructions. The first strand of cDNA was obtained using a Revert Aid First Strand cDNA Synthesis kit (Fermentas, Thermo Fisher Scientific, Pittsburgh, PA, USA). For the quantitative analysis of hPOT1 mRNA, β2-microglobulin was used as an internal control. The cycling conditions for the hPOT1 cDNA included preincubation for 5 min at 94˚C, followed 30by cycles of 30 sec at 94˚C, 40 sec at 58˚C, 60 sec at 72˚C and a final extension for 5 min at 72˚C. The PCR products were identified using electrophoresis on 2% agarose gels and stained with ethidium bromide (0.5 µg/ml). Gel images were obtained and the densities of the PCR products were quantified with Bio-profil Bio-1D gel analysis software (Vilber Lourmat Co., Torcy, France).
hPOT1 detection by western blotting. The Hep-2 cells were transferred to ice-cold RIPA buffer (Life Technologies, Gaithersburg, MD, USA) containing 0.1 mol/l NaCl, 0.05 mol/l Tris-HCl (pH 7.6), 0.001 mol/l EDTA (pH 8.0), 0.1% Tween-20, aprotinin (1 µg/ml) and PMSF (100 µg/ml), and homogenized on ice. The homogenate was centrifuged at 10,000 x g for 10 min, and the supernatant was stored at 4˚C. Total protein concentrations were determined using the bicinchoninic acid protein assay kit (Biyuntian Biotech Co., Ltd., Shanghai, China). Samples were separated by electrophoresis on 7.5-12% polyacrylamide gels. Separated proteins were transferred onto polyvinylidene difluoride membranes at 30 V for 12 h. The membrane was blocked with 5% dried, skimmed milk in Tris-buffered saline (TBS) buffer [50 mM Tris-HCl (pH 7.5) with 150 mM NaCl] containing 0.1% Tween-20 (TBST) for 1 h at room temperature. Blots were probed with specific polyclonal mouse anti-human antibodies (1:500; Affiniti Research, Devon, UK). Subsequent to being washed with TBST, the membranes were incubated for 1 h at room temperature with horseradish peroxidase-conjugated anti-mouse secondary antibody (1:2,500; Zhongshan Biotechnology, Beijing, China). Negative controls did not contain primary antibody. α-tubulin was chosen as a loading control. The optical densities of the specific bands were scanned and measured by image analysis software (HPIAS 2000; Tongji Qianping Company, Wuhan, China).
Measurement of telomere length. Mean telomere length was determined by terminal restriction fragment (TRF) analysis using the Telo TAGGG Telomere Length Assay kit (Roche Diagnostics, Basel, Switzerland). According to the manufacturer's instructions, isolated DNA (4 µg) was digested using a HinfI/RsaI enzyme mixture for 2 h at 37˚C. Digested DNA samples were then resolved by 0.7% agarose gel electrophoresis for 2-4 h at 5 V/cm. The gels were denatured, neutralized and transferred to a positively-charged nylon membrane, which was then hybridized with a biotinylated telomere probe. The mean TRF lengths were analyzed from a densitometric scan of the autoradiogram by the Bio-ID gel photograph system (Vilber Lourmat Co.) and calculated as described. The positive control DNA (control-DNA, low; and control-DNA, high) supplied with the kit is purified genomic DNA from immortal cell lines. The mean TRF length of these cell lines has been determined to be 3.9 and 10.2 kb, respectively.
Short hairpin (sh)RNA preparation and plasmid construction.
The plasmid pshRNA-hPOT1 was transfected into the Hep-2R cells using lipofectamine 2000 (Invitrogen Life Technologies).
The shRNA was designed according to the hPOT1 sequence in the National Center for Biotechnology Information database (NM015450). The fitted target sequence was selected in the coding region without any homology to other genes by BLAST analysis. The shRNA contained a unique 19-nt double-stranded human hPOT1 sequence that is presented as an inverted complementary repeat and separated by a loop of a 9-nt spacer. The concrete shRNA sequence was shown as follows: 5'-GCCCCCATATC-TAAGCAAA-3'. The sequence was cloned into the pGenesil plasmid. This new plasmid was termed pshRNA-hPOT1.
Clonogenic assay. The cells were trypsinized at 37˚C for 5-10 min, and pipetted eight times to maintain the clumped cells as a single cell suspension. The single cell suspension was adjusted and seeded into 25-cm 2 flasks at various densities, based on the results of pre-experiments. Next, the cells were left to settle over night and then exposed to irradiation at room temperature, followed by immediate incubation at 37˚C, in 5% CO 2 for 14-20 days. Subsequent to fixation and staining with 1% w/v crystal violet (Sigma-Aldrich, St. Louis, MO, USA) in dehydrated alcohol, colonies of >50 cells were scored as previously described (6) . Surviving fractions (SF) were evaluated relative to 0 Gy radiation-treated controls. (7) .
Assessment of apoptosis with the terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay.
According to the manufacturer's instructions for the TUNEL assay (BD Biosciences, Heidelberg, Germany), the number of apoptotic cells was counted and then the tumor cells apoptotic index (AI) was calculated according to the following formula: AI = (number of apoptotic cells / number of total cancer cells) x 100.
Cell growth analysis. A total of 1x10 5 Hep-2R and Hep-2 cells were seeded in each 25-cm 2 culture flask, respectively. The attached cells were trypsinized, and the cell numbers were determined by a hemocytometer at 24, 48 and 72 h post-seeding, respectively. The growth curve of these three cell lines was drawn for the aforementioned data.
Statistical analysis. All numerical experimental data were expressed as the mean ± standard deviation, and statistical analyses of the data were performed with analysis of variance and interclass q test methods using SPSS11.0 statistical software (SPSS, Inc., Chicago, IL, USA). All P-values are based on two-side hypothesis testing, and P<0.05 was used to indicate a statistically significant difference. 
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cells was upregulated by 27.59% compared with the Hep-2 cells (Fig. 1B) . The results indicated that in comparison to the Hep-2 cells, the radioresistant Hep-2R cells exhibited upregulation of the hPOT1 gene.
Correlation between telomere length and radiosensitivity in Hep-2 and Hep-2R cells. Fig. 2 presents the association between radiosensitivity and TRF length in the Hep-2 and Hep-2R cell lines, which were chosen for the present study in order to represent differing genetic backgrounds. The telomere lengths of the two cell lines were determined by restriction fragment analysis. It was determined that the Hep-2 and Hep-2R cell lines presented with an mean telomere length of ~3.9 and 10.2 kb, respectively ( Fig. 2A) . Following normalization against the plating efficiency of the mock-irradiated cells, the survival curves of the cells were analyzed (Fig. 2B ). The number of surviving fractions at 2 Gy (SF2) for the Hep-2R cells (0.683) was significantly greater than that for the Hep-2 cells (0.415). Therefore, the mean telomere length of the radioresistant Hep-2R cell line was greater than that of the radiosensitive Hep-2 cell line.
hPOT1 and telomere length detection following pshRNA-hPOT1 transfection. As shown in Fig. 3A , 600-and 916-bp DNA fragments could be detected following SacI enzyme treatment, suggesting that the recombinant plasmid was as expected. Furthermore, the coded sequence of the recombinant plasmid was sequenced (data not shown). The result indicated that the specific shRNA expression vector (named pshRNA-hPOT1) was successfully constructed, inhibiting hPOT1 gene expression. The quantity of hPOT1 mRNA was markedly deceased by 62.34% in the shRNA-hPOT1 transfectant compared with the scramble group (Fig. 3B ). Fig. 3C showed that, in the RNA interference (RNAi) group, hPOT1 protein expression rates were lower than those of the same group in the scramble group (44.52%), and there was significant difference (P<0.05). Since it was demonstrated that pshRNA-hPOT1 was effective to inhibit the expression of hPOT1, the effects of hPOT1 suppression on telomere length were then examined. The analysis of TRFs by Southern blotting demonstrated that the telomere length observed in the control group was ~10 kb, which was similar to that of the Hep-2R cells. By contrast, the telomere lengths in the RNAi group displayed significant telomere shortening, with lengths averaging 2-3 kb (Fig. 3D ).
Inhibition of POT1 induces apoptosis and suppresses proliferative capacity.
Telomere dysfunction can induce DNA damage response pathways, apoptosis and senescence. the present results showed that a significantly increased level of apoptosis was observed in the cells that were expressing the pshRNA-hPOT1, as assessed by TUNEL-labeling analysis (Fig. 4A) , which was consistent with the results showing that hPOT1-RNAi could induce telomere dysfunction and apoptosis with the DNA damage response. The proliferative capacity prior to and following RNAi is shown in Fig. 4B . Hep-2R-RNAi cells showed a markedly decreased growth rate compared with the Hep-2R cells. In conclusion, the results suggested that cell proliferation was inhibited by transfection with pshRNA-hPOT1.
Discussion
Our results from earlier studies indicated that telomere length was inversely correlated with radiosensitivity in human carcinoma cells (8) (9) (10) , which is consistent with other studies showing that there is an association between telomere length and radiosensitivity in human cells (11) (12) (13) . Indeed, radiosensitive human cells show shorter telomeres than normal cells, and short telomeres increase cell radiosensitivity, so telomere has great appeal as a clinical target. Telomeres are formed from repeats of the TTAGGG DNA sequence and associated proteins that cap the ends of linear chromosomes. The main function of these distinctive structures is to protect the chromosome ends and to prevent activation of the DNA damage response (14) . Telomerase is a specialized enzyme that provides a telomere maintenance mechanism (15); in human cells, telomerase functions as a reverse transcriptase to add multiple copies of the GGTTAG motif to the end of the G-strand of the telomere (15) . The telomere can be regulated by proteins identified during the last decade that make up a complex called shelterin (16) . This complex is composed of six proteins. The telomeric single-stranded overhangs have been indicated to be a vital component of the telomeric structure required for correct telomeric function. POT1, one of the shelterin complex proteins, is a single-stranded telomeric DNA-binding protein that has been identified in fission yeast and humans (17) .
In the present study, the hPOT1 gene was upregulated in the radioresistant Hep-2R cell line compared with the wild-type Hep-2 cell line. At the same time, the mean telomere length in the radioresistant Hep-2R cell line was greater than that in the radiosensitive Hep-2 cell line. Therefore, it was hypothesized that the expression of hPOT1 correlates with telomere length and radiosensitivity. In order to verify this hypothesis, pshRNA targeting hPOT1 was constructed. The experimental results indicated that telomere lengths in the RNAi group exhibited significant shortening, together with an increase in cell apoptosis and a decreased proliferative capacity, with downregulated hPOT1. Overall, these findings suggest that telomere length could be regulated by hPOT1 in human carcinoma cells, which is associated with radiosensitivity.
One potential role for the hPOT1 protein is the binding of telomere ends and the stabilization of the telomeres (18, 19) . This may allow telomerase greater access to the telomere and lead to an increase in the length of the telomere; this role would be consistent with our results showing telomerase-dependent telomere elongation by hPOT1 (20) . hPOT1 may also actively recruit the telomerase complex to the end of the telomere (16) . Based on the aforementioned data, the inhibition of hPOT1 protein may induce telomere shortening due to reduced telomerase recruitment. hPOT1 may be a potential therapeutic target of telomerase-positive tumors.
Furthermore, hPOT1 is required at the telomeric single-stranded overhangs in order to maintain the normal structure, protect against apoptosis, and prevent the instability and senescence of the chromosome (21) (22) (23) . The erosion of the single-stranded overhangs in hPOT1-deficient cells immediately causes telomere dysfunction. Telomere dysfunction can induce DNA damage response pathways, apoptosis and senescence. The conclusion was confirmed by the present study results. An increase in apoptosis and a marked decrease in growth were observed in the RNAi-Hep-2R cell lines, which was consistent with previous results showing that hPOT1-RNAi could induce telomere dysfunction and apoptosis with the DNA damage response (24) . Further investigations are required to clarify the mechanisms involved in detail.
In conclusion, the elucidation of telomere regulation may improve the therapeutic regulation of radiotherapy in human tumor cells. Based on a review of the existing literature, it can be concluded that hPOT1 may correlate with telomere length and radiosensitivity, and will be a good target for cancer radiotherapy.
